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What is an equation of state?
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‣ Want to know: a material's response to different environments

‣ Example:  ideal gas

PV − nRT = 0

‣ General form:
f(P, V, T ) = 0

https://en.wikipedia.org/wiki/Equation_of_state



Why do we need EOS for hydro codes?
‣ 3 conservation equations, 4 variables (              )
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@t⇢+r · (⇢u) = 0

@t(⇢u) +r · (⇢uu) +rP = 0

@t(⇢E) +r · (⇢Eu) +r · (Pu) = 0
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‣ need “closure” (constitutive relations) 

‣ For other multiphysics codes (magnetohydrodynamics, strength, fracture, radiation) 
‣ need additional conservation equations and additional closure equations

⇒ get from equation of state (EOS)

Menikoff & Plohr, Rev. Mod. Phys. 61, 1 (1989).



Thermodynamic material response
‣ Any material response occurs as a function of time (t) 
‣ What assumptions are we making by using thermodynamic relations in our EOS? 
‣ local thermal equilibrium (LTE) / adiabatic 
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LTE picture

non-LTE picture

t1 t2

(change in the local potential)



Different thermodynamic potentials are used for different applications
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hydro codes

shock physicsequation of stateexperiments phase transitions

T (V,E)
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<latexit sha1_base64="++AEtZIX4pnqGPIejQtOI2le/3A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMFjBbsttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8f+FqmitAmkVyqdog15UzQpmGG03aiKI5DTlvh6Gbqt56o0kyKBzNOaBDjgWARI9hYyW9U/bPb01654tbcGdAy8XJSgRyNXvmr25ckjakwhGOtO56bmCDDyjDC6aTUTTVNMBnhAe1YKnBMdZDNrp2gE6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaavoz5TlBg+tgQTxeytiAyxwsTYgEo2BG/x5WXin9c8t+bdX1Tq13kcRTiCY6iCB5dQhztoQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBDn2OHg==</latexit><latexit sha1_base64="++AEtZIX4pnqGPIejQtOI2le/3A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMFjBbsttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8f+FqmitAmkVyqdog15UzQpmGG03aiKI5DTlvh6Gbqt56o0kyKBzNOaBDjgWARI9hYyW9U/bPb01654tbcGdAy8XJSgRyNXvmr25ckjakwhGOtO56bmCDDyjDC6aTUTTVNMBnhAe1YKnBMdZDNrp2gE6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaavoz5TlBg+tgQTxeytiAyxwsTYgEo2BG/x5WXin9c8t+bdX1Tq13kcRTiCY6iCB5dQhztoQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBDn2OHg==</latexit><latexit sha1_base64="++AEtZIX4pnqGPIejQtOI2le/3A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMFjBbsttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8f+FqmitAmkVyqdog15UzQpmGG03aiKI5DTlvh6Gbqt56o0kyKBzNOaBDjgWARI9hYyW9U/bPb01654tbcGdAy8XJSgRyNXvmr25ckjakwhGOtO56bmCDDyjDC6aTUTTVNMBnhAe1YKnBMdZDNrp2gE6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaavoz5TlBg+tgQTxeytiAyxwsTYgEo2BG/x5WXin9c8t+bdX1Tq13kcRTiCY6iCB5dQhztoQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBDn2OHg==</latexit><latexit sha1_base64="++AEtZIX4pnqGPIejQtOI2le/3A=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMFjBbsttEvJptk2NpssSVYoS/+DFw+KePX/ePPfmLZ70NYHA4/3ZpiZFyacaeO6305hZXVtfaO4Wdra3tndK+8f+FqmitAmkVyqdog15UzQpmGG03aiKI5DTlvh6Gbqt56o0kyKBzNOaBDjgWARI9hYyW9U/bPb01654tbcGdAy8XJSgRyNXvmr25ckjakwhGOtO56bmCDDyjDC6aTUTTVNMBnhAe1YKnBMdZDNrp2gE6v0USSVLWHQTP09keFY63Ec2s4Ym6Fe9Kbif14nNdFVkDGRpIYKMl8UpRwZiaavoz5TlBg+tgQTxeytiAyxwsTYgEo2BG/x5WXin9c8t+bdX1Tq13kcRTiCY6iCB5dQhztoQBMIPMIzvMKbI50X5935mLcWnHzmEP7A+fwBDn2OHg==</latexit>

F (V, T )
<latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit>

E(V, S)
<latexit sha1_base64="whMWcoZCsGyOK+dDRJzos2qjutc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMiuAxonlAEsLspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8NOMYuyEdSB5wRo2Vmrflxhl5OO0VS27FnYEsEy8jJchQ6xW/Ov2IJSFKwwTVuu25semmVBnOBE4KnURjTNmIDrBtqaQh6m46O3dCTqzSJ0GkbElDZurviZSGWo9D33aG1Az1ojcV//PaiQmuuimXcWJQsvmiIBHERGT6O+lzhcyIsSWUKW5vJWxIFWXGJlSwIXiLLy+TxnnFcyve/UWpep3FkYcjOIYyeHAJVbiDGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8faX2OSw==</latexit><latexit sha1_base64="whMWcoZCsGyOK+dDRJzos2qjutc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMiuAxonlAEsLspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8NOMYuyEdSB5wRo2Vmrflxhl5OO0VS27FnYEsEy8jJchQ6xW/Ov2IJSFKwwTVuu25semmVBnOBE4KnURjTNmIDrBtqaQh6m46O3dCTqzSJ0GkbElDZurviZSGWo9D33aG1Az1ojcV//PaiQmuuimXcWJQsvmiIBHERGT6O+lzhcyIsSWUKW5vJWxIFWXGJlSwIXiLLy+TxnnFcyve/UWpep3FkYcjOIYyeHAJVbiDGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8faX2OSw==</latexit><latexit sha1_base64="whMWcoZCsGyOK+dDRJzos2qjutc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMiuAxonlAEsLspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8NOMYuyEdSB5wRo2Vmrflxhl5OO0VS27FnYEsEy8jJchQ6xW/Ov2IJSFKwwTVuu25semmVBnOBE4KnURjTNmIDrBtqaQh6m46O3dCTqzSJ0GkbElDZurviZSGWo9D33aG1Az1ojcV//PaiQmuuimXcWJQsvmiIBHERGT6O+lzhcyIsSWUKW5vJWxIFWXGJlSwIXiLLy+TxnnFcyve/UWpep3FkYcjOIYyeHAJVbiDGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8faX2OSw==</latexit><latexit sha1_base64="whMWcoZCsGyOK+dDRJzos2qjutc=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoMQQcKuCHoMiuAxonlAEsLspDcZMju7zMwKYclHePGgiFe/x5t/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFFxi3XAjsBUrpKEvsOmPbqZ+8wmV5pF8NOMYuyEdSB5wRo2Vmrflxhl5OO0VS27FnYEsEy8jJchQ6xW/Ov2IJSFKwwTVuu25semmVBnOBE4KnURjTNmIDrBtqaQh6m46O3dCTqzSJ0GkbElDZurviZSGWo9D33aG1Az1ojcV//PaiQmuuimXcWJQsvmiIBHERGT6O+lzhcyIsSWUKW5vJWxIFWXGJlSwIXiLLy+TxnnFcyve/UWpep3FkYcjOIYyeHAJVbiDGtSBwQie4RXenNh5cd6dj3lrzslmDuEPnM8faX2OSw==</latexit>

H(S, P )
<latexit sha1_base64="/OwsePeyHw95sVwg2fF8EuiFL90=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdIuix6KXHivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqVUv3180zvvFkltx50CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxITXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJq1rx3Ip3d1mq3WRx5OEETqEMHlxBDerQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDDleOHg==</latexit><latexit sha1_base64="/OwsePeyHw95sVwg2fF8EuiFL90=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdIuix6KXHivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqVUv3180zvvFkltx50CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxITXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJq1rx3Ip3d1mq3WRx5OEETqEMHlxBDerQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDDleOHg==</latexit><latexit sha1_base64="/OwsePeyHw95sVwg2fF8EuiFL90=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdIuix6KXHivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqVUv3180zvvFkltx50CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxITXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJq1rx3Ip3d1mq3WRx5OEETqEMHlxBDerQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDDleOHg==</latexit><latexit sha1_base64="/OwsePeyHw95sVwg2fF8EuiFL90=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpTdIuix6KXHivYD2qVk02wbm02WJCuUpf/BiwdFvPp/vPlvTNs9aOuDgcd7M8zMC2LOtHHdbye3tr6xuZXfLuzs7u0fFA+PWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Hbmt5+o0kyKBzOJqR/hoWAhI9hYqVUv3180zvvFkltx50CrxMtICTI0+sWv3kCSJKLCEI617npubPwUK8MIp9NCL9E0xmSMh7RrqcAR1X46v3aKzqwyQKFUtoRBc/X3RIojrSdRYDsjbEZ62ZuJ/3ndxITXfspEnBgqyGJRmHBkJJq9jgZMUWL4xBJMFLO3IjLCChNjAyrYELzll1dJq1rx3Ip3d1mq3WRx5OEETqEMHlxBDerQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDDleOHg==</latexit>

orF (V, T )
<latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit>

at each timestep, update and

F (V, T )
<latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit><latexit sha1_base64="pXhsEXOkbDSYuUjP5CB91OkJWWw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahgpRdEfRYFMRjhXZbaJeSTbNtbDZZkqxQlv4HLx4U8er/8ea/MW33oNUHA4/3ZpiZFyacaeO6X05hZXVtfaO4Wdra3tndK+8f+FqmitAWkVyqTog15UzQlmGG006iKI5DTtvh+Gbmtx+p0kyKppkkNIjxULCIEWys5N9W/bPmab9ccWvuHOgv8XJSgRyNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFVkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP695bs27v6jUr/M4inAEx1AFDy6hDnfQgBYQeIAneIFXRzrPzpvzvmgtOPnMIfyC8/ENFe6OIw==</latexit>

or G(T, P )
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A.E. Mattsson, Sandia Report 2016-2112 (2016).

Example: How do we get T, P from F?

where do we get T and P from?

@F

@V

����
T

= �P
@F

@T

����
V

= �S

E = F + TS can use to get T



Brief history of EOS
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1949 1957 1971

SESAME  
database 
created

present

refining models, 
adding materials

(example: 18 aluminum EOS tables)



Overview of EOS development
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.



Experimental input

‣ Ambient pressures: 
‣ density 
‣ melting/boiling point 
‣ thermal expansion 
‣ elastic moduli, phonon data 
‣ specific heat 

‣High pressures: 
‣ melt curves 
‣ shock (Hugoniot) data 
‣ diamond anvil
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diamond anvil

schock experiment (hugoniot)

N.C. Holmes, et al. Phys. Rev. B 52, 22 (1995).



Experimental input
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vanadium diamond anvil zirconium shock experiment

ρ (Mg/m3)

P 
(G

Pa
)

u s
(k

m
/s

)

up (km/s)

S. Crockett, LA-UR 08-03680.



Experiments are often limited in determining the full phase diagram
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DAC - diamond anvil cell measurements
IEX - isobaric expansion experiments
S - release isentropes
H1 - principal hugoniot
Hp - porous hugoniots
M - melt line
CP - critical point
R - liquid-gas boundary

Acknowledgement: J. Carpenter, Sandia. ref: SAND2012-8899C



Overview of EOS development
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.



Basic theory for materials
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Very fast review of basic solid state physics I

Ideal, infinite solids are periodic:  
 translation by a given set of vectors leads you to a new location with identical surroundings

There are 14 possible "Bravais lattices" that can be used to define all periodic solids

triclinic

Examples:

cubic

When simulating solids on the computer, we use these (or larger) cells and apply 
periodic boundary conditions to determine the properties of the solid as a whole

N.W. Ashcroft & D. Mermin, Solid State Physics (1976).



Basic theory for materials
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Very fast review of basic solid state physics II

The T = 0 electronic properties are formally determined by solving the Schrödinger equation

Ĥ (r1, . . . , rN ) = E (r1, . . . , rN )
<latexit sha1_base64="pykZm7NGKLjpZfrFRNA9mFjMiG0=">AAACQ3icjVDLSgMxFM34rPVVdekmWIQKUmZE0I1QFKErqWAf2BmGTJppQzMPkjtCGfpvbvwBd/6AGxeKuBVM2wG1deGBkMM5997cHC8WXIFpPhlz8wuLS8u5lfzq2vrGZmFru6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7Cm178Y+c07JhWPwhsYxMwJSDfkPqcEtOQWbu0eAVy1a4qX7IBAz/NTOXStQ2x3IlBU39/q1QE+w5f/rXULRbNsjoFniZWRIspQcwuPeg5NAhYCFUSptmXG4KREAqeCDfN2olhMaJ90WVvTkARMOek4gyHe10oH+5HUJwQ8Vn92pCRQahB4unK0pJr2RuJfXjsB/9RJeRgnwEI6echPBIYIjwLFHS4ZBTHQhFDJ9a6Y9ogkFHTseR2CNf3lWdI4Kltm2bo+LlbOszhyaBftoRKy0AmqoCqqoTqi6B49o1f0ZjwYL8a78TEpnTOynh30C8bnF5mXsCA=</latexit><latexit sha1_base64="pykZm7NGKLjpZfrFRNA9mFjMiG0=">AAACQ3icjVDLSgMxFM34rPVVdekmWIQKUmZE0I1QFKErqWAf2BmGTJppQzMPkjtCGfpvbvwBd/6AGxeKuBVM2wG1deGBkMM5997cHC8WXIFpPhlz8wuLS8u5lfzq2vrGZmFru6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7Cm178Y+c07JhWPwhsYxMwJSDfkPqcEtOQWbu0eAVy1a4qX7IBAz/NTOXStQ2x3IlBU39/q1QE+w5f/rXULRbNsjoFniZWRIspQcwuPeg5NAhYCFUSptmXG4KREAqeCDfN2olhMaJ90WVvTkARMOek4gyHe10oH+5HUJwQ8Vn92pCRQahB4unK0pJr2RuJfXjsB/9RJeRgnwEI6echPBIYIjwLFHS4ZBTHQhFDJ9a6Y9ogkFHTseR2CNf3lWdI4Kltm2bo+LlbOszhyaBftoRKy0AmqoCqqoTqi6B49o1f0ZjwYL8a78TEpnTOynh30C8bnF5mXsCA=</latexit><latexit sha1_base64="pykZm7NGKLjpZfrFRNA9mFjMiG0=">AAACQ3icjVDLSgMxFM34rPVVdekmWIQKUmZE0I1QFKErqWAf2BmGTJppQzMPkjtCGfpvbvwBd/6AGxeKuBVM2wG1deGBkMM5997cHC8WXIFpPhlz8wuLS8u5lfzq2vrGZmFru6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7Cm178Y+c07JhWPwhsYxMwJSDfkPqcEtOQWbu0eAVy1a4qX7IBAz/NTOXStQ2x3IlBU39/q1QE+w5f/rXULRbNsjoFniZWRIspQcwuPeg5NAhYCFUSptmXG4KREAqeCDfN2olhMaJ90WVvTkARMOek4gyHe10oH+5HUJwQ8Vn92pCRQahB4unK0pJr2RuJfXjsB/9RJeRgnwEI6echPBIYIjwLFHS4ZBTHQhFDJ9a6Y9ogkFHTseR2CNf3lWdI4Kltm2bo+LlbOszhyaBftoRKy0AmqoCqqoTqi6B49o1f0ZjwYL8a78TEpnTOynh30C8bnF5mXsCA=</latexit><latexit sha1_base64="pykZm7NGKLjpZfrFRNA9mFjMiG0=">AAACQ3icjVDLSgMxFM34rPVVdekmWIQKUmZE0I1QFKErqWAf2BmGTJppQzMPkjtCGfpvbvwBd/6AGxeKuBVM2wG1deGBkMM5997cHC8WXIFpPhlz8wuLS8u5lfzq2vrGZmFru6GiRFJWp5GIZMsjigkesjpwEKwVS0YCT7Cm178Y+c07JhWPwhsYxMwJSDfkPqcEtOQWbu0eAVy1a4qX7IBAz/NTOXStQ2x3IlBU39/q1QE+w5f/rXULRbNsjoFniZWRIspQcwuPeg5NAhYCFUSptmXG4KREAqeCDfN2olhMaJ90WVvTkARMOek4gyHe10oH+5HUJwQ8Vn92pCRQahB4unK0pJr2RuJfXjsB/9RJeRgnwEI6echPBIYIjwLFHS4ZBTHQhFDJ9a6Y9ogkFHTseR2CNf3lWdI4Kltm2bo+LlbOszhyaBftoRKy0AmqoCqqoTqi6B49o1f0ZjwYL8a78TEpnTOynh30C8bnF5mXsCA=</latexit>

Ĥ =
X

i

�r2
i

2
+
X

i,I

VI(|ri �RI |) +
1

2

X

i 6=j

1

ri � rj
+ EII

<latexit sha1_base64="dvcgCHxkv1b10RgKvLkOsFXMC5Q="></latexit><latexit sha1_base64="dvcgCHxkv1b10RgKvLkOsFXMC5Q="></latexit><latexit sha1_base64="dvcgCHxkv1b10RgKvLkOsFXMC5Q="></latexit><latexit sha1_base64="dvcgCHxkv1b10RgKvLkOsFXMC5Q="></latexit>

electron KE ion-electron PE electron-electron PE ion-ion PE

For large enough N (# electrons), this is impossible to solve

N.W. Ashcroft & D. Mermin, Solid State Physics (1976).



Basic theory for materials
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Introduction to density functional theory

Rather than trying to solve for 𝛹, can we use the electron density n(r) alone?

Hohenberg and Kohn (1964): proof that  E0 = E0[n]

Question:

⇒ if we know the correct functional, we can use only the density to 
determine the ground state properties

R.M. Martin, Electronic Structure, Cambridge (2008).



Basic theory for materials

 16

Introduction to density functional theory

Rather than trying to solve for 𝛹, can we use the electron density n(r) alone?

Hohenberg and Kohn (1964): proof that  E0 = E0[n]

The exact functional is not known! 
 

 ⇒ the past 30 years have focused on improving functionals for DFT!

Question:

⇒ if we know the correct functional, we can use only the density to 
determine the ground state properties

So what is the catch?

R.M. Martin, Electronic Structure, Cambridge (2008).



Basics of Kohn-Sham DFT
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Rather than using the n(r) directly (which has limitations), set up a system 
of non-interacting wave functions that each satisfy

H[n] n(r) = "n n(r)

H[n] = �r2

2
+

Z
d
3
r
0 n(r0)

|r� r0| + vxc[n](r)

electron KE electron-electron exchange, correlation

This term basically is a ‘catch-all’ term that includes the effects 
not captured in the first two terms 

⇒ most of the ‘empiricism’ in DFT comes from this term!

n(r) =
X

n

| n(r)|2

expression for density

R.M. Martin, Electronic Structure, Cambridge (2008).



Choosing an exchange-correlation functional in DFT
‣ LDA vs. GGA vs. meta-GGA
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There are a few different ‘classes’ of exchange-correlation functionals out there

LDA (local density approx.) 
 expression for xc uses only n(r) 

GGA (generalized gradient approx.) 
expression for xc uses n(r) and ∇n(r) 

meta-GGA 
expression for xc uses n(r), ∇n(r), and ∇2n(r)

Note: more gradients does not necessarily mean better results!!

R.M. Martin, Electronic Structure, Cambridge (2008).



3 take-away messages about DFT
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1. DFT is in principle exact, but for practical reasons is still 
approximate! 

2. DFT cannot do everything, but it is usually qualitatively correct for 
ground-state properties and gives surprisingly accurate quantitative 
predictions 

3. The main approximation made in DFT is the exchange-correlation 
functional. Always remember that you can get different results using, 
e.g., LDA vs. GGA!

Despite these things, DFT is still extremely useful and probably the best tool we have

R.M. Martin, Electronic Structure, Cambridge (2008).



Overview of EOS development
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.



Overview: how do we use ground-state DFT calculations for EOS?

‣Mie-Gruneisen 
‣ Vinet 
‣ Birch-Murnaghan

 21

F(ρ, T ) = u0(ρ) + Fion(ρ, T ) + Fel(ρ, T )

The free energy is usually split into 3 terms

cold curve ionic (vibrational)  
free energy

electronic  
free energy

phonons 
(Debye model)

Thomas-Fermi-Dirac

S. Crockett, LA-UR 08-03680.



Cold curves: different curves are used in different circumstances
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LiF cold curve

P 
(G

Pa
)

V 

Mie-Grüneisen

Vinet

Birch-Murnaghan

many others, as well

P(ρ, T ) = Pref(ρ) + c(T − Tref)

P(ρ, T ) = Pref(ρ) + c(T − Tref)

computed from an isotherm

computed from a Hugoniot

S. Crockett, LA-UR 08-03680.

P(ρ, T ) = Pref(ρ) + c(T − Tref)

computed from an isentrope
P 

(G
Pa

)
𝜌 (Å3)



‣ Debye model (1912):  
       box of phonons (vibrational modes) with N atoms
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for EOS usually uses comes from the Debye modelFion(ρ, T )

L

n = 1
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n = 2
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n = 3
<latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit>

n = N1/3
<latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit>

En = hνn =
hvs

λn
1. energy in each mode

2. total energy U = 3∫
Emax

0

E
exp(E /kBT ) − 1

dE

3. heat capacity CV = ( ∂U
∂T )

V
D. Schroeder, An Introduction to Thermal Physics, Pearson (1999).

L

L

L



‣ Debye model (1912):  
       box of phonons (vibrational modes) with N atoms
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for EOS usually uses comes from the Debye modelFion(ρ, T )

L

L

L

En = hνn =
hvs

λn
1. energy in each mode

2. total energy U = 3∫
Emax

0

E
exp(E /kBT ) − 1

dE

3. heat capacity CV = ( ∂U
∂T )

V
D. Schroeder, An Introduction to Thermal Physics, Pearson (1999).

L

n = 1
<latexit sha1_base64="WdpYOPQkvNXyKLO4nTbNXWb4sGY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPchrr1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrouq5Ve/+slK/yeMowgmcwjl4UIM63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfIu410</latexit><latexit sha1_base64="WdpYOPQkvNXyKLO4nTbNXWb4sGY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPchrr1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrouq5Ve/+slK/yeMowgmcwjl4UIM63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfIu410</latexit><latexit sha1_base64="WdpYOPQkvNXyKLO4nTbNXWb4sGY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPchrr1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrouq5Ve/+slK/yeMowgmcwjl4UIM63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfIu410</latexit><latexit sha1_base64="WdpYOPQkvNXyKLO4nTbNXWb4sGY=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqBeh6MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPchrr1+uuFV3DrJKvJxUIEejX/7qDWKWRigNE1Trrucmxs+oMpwJnJZ6qcaEsjEdYtdSSSPUfjY/dUrOrDIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCa/8jMskNSjZYlGYCmJiMvubDLhCZsTEEsoUt7cSNqKKMmPTKdkQvOWXV0nrouq5Ve/+slK/yeMowgmcwjl4UIM63EEDmsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfIu410</latexit>

n = 2
<latexit sha1_base64="CDTXBc6OW+qjmdj04nHhXLs7AM4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6UFd1/rlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWreq5Ve/+olK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/KP411</latexit><latexit sha1_base64="CDTXBc6OW+qjmdj04nHhXLs7AM4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6UFd1/rlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWreq5Ve/+olK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/KP411</latexit><latexit sha1_base64="CDTXBc6OW+qjmdj04nHhXLs7AM4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6UFd1/rlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWreq5Ve/+olK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/KP411</latexit><latexit sha1_base64="CDTXBc6OW+qjmdj04nHhXLs7AM4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoBeh6MVjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewtr6xuVXcLu3s7u0flA+PWiZONeNNFstYdwJquBSKN1Gg5J1EcxoFkreD8e3Mbz9xbUSsHnGScD+iQyVCwSha6UFd1/rlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/NT52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjlZ0IlKXLFFovCVBKMyexvMhCaM5QTSyjTwt5K2IhqytCmU7IheMsvr5JWreq5Ve/+olK/yeMowgmcwjl4cAl1uIMGNIHBEJ7hFd4c6bw4787HorXg5DPH8AfO5w/KP411</latexit>

n = 3
<latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit><latexit sha1_base64="EqweneT4wb1MA5qcaFtRGpQLDNc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHuT1ea9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamU7IheIsvL5PmWdVzq979RaV2k8dRhCM4hlPw4BJqcAd1aACDATzDK7w5wnlx3p2PeWvByWcO4Q+czx/Lw412</latexit>

n = N1/3
<latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit><latexit sha1_base64="S1BvpffTW0Yapseij3u1zdvxN+Y=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU921gl6EohdPUsF+SLuWbJptQ5PskmSFsvRXePGgiFd/jjf/jWm7B219MPB4b4aZeUHMmTau++3klpZXVtfy64WNza3tneLuXkNHiSK0TiIeqVaANeVM0rphhtNWrCgWAafNYHg98ZtPVGkWyXsziqkvcF+ykBFsrPQgL28fU++kMu4WS27ZnQItEi8jJchQ6xa/Or2IJIJKQzjWuu25sfFTrAwjnI4LnUTTGJMh7tO2pRILqv10evAYHVmlh8JI2ZIGTdXfEykWWo9EYDsFNgM9703E/7x2YsILP2UyTgyVZLYoTDgyEZp8j3pMUWL4yBJMFLO3IjLAChNjMyrYELz5lxdJ47TsuWXv7qxUvcriyMMBHMIxeHAOVbiBGtSBgIBneIU3RzkvzrvzMWvNOdnMPvyB8/kDwlmPtg==</latexit>



‣What is right:
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:  what is right/wrong about the Debye model?Fion(ρ, T )

low temperature behavior high temperature behavior

‣What is wrong:
intermediate temperatures

‣What would be more accurate?

calculate heat capacity, free energy, etc. directly from DFT calculations!

vibrational mode for ZrIN, 
computed using DFT

Each cell has 3N modes 
⇒ more accurately compute F(𝜌, T), CV(𝜌, T), etc.

this level of approximation is not yet in EOS tables!



for EOS usually uses comes from Thomas-Fermi-Dirac model

‣ Thomas-Fermi model (1927) 

‣ semi-classical model of electrons in a material based on 𝜌e(r) and KE, PE of nuclei

 26

Fel(ρ, T )

E. Chisholm, LA-UR-05-2297, (2003).

‣ Thomas-Fermi-Dirac model (1928) 

‣ extension of TF model by Dirac to incorporate an exchange contribution to the energy

How does it work?

⇢e(r) = c

Z 1

0
d"

("/"0)1/2

exp {("� µ� �C � �ex)/kBT}+ 1
<latexit sha1_base64="ou0352ytNJnNX1g2HdmIez4GZkQ="></latexit><latexit sha1_base64="ou0352ytNJnNX1g2HdmIez4GZkQ="></latexit><latexit sha1_base64="ou0352ytNJnNX1g2HdmIez4GZkQ="></latexit><latexit sha1_base64="ou0352ytNJnNX1g2HdmIez4GZkQ="></latexit>

compute

fermi level nuc-el + el-el 
potential

exchange 
potential

starting guess for
⇢e(r), �C(r)

<latexit sha1_base64="sGh2shvfbnsLoE7/DqkHpaRfxVk=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQcqMCLosduOygm2FThkyaaYTmkmGJCOUod/gxl9x40IRt67c+Tdm2lnU1kMCh3Pu5d57goRRpR3nxyqtrW9sbpW3Kzu7e/sH9uFRV4lUYtLBggn5ECBFGOWko6lm5CGRBMUBI71g3Mr93iORigp+rycJGcRoxGlIMdJG8u26JyPhk5oXIx0FYSan9XPomZdE1G8tyr5ddRrODHCVuAWpggJt3/72hgKnMeEaM6RU33USPciQ1BQzMq14qSIJwmM0In1DOYqJGmSzk6bwzChDGAppPtdwpi52ZChWahIHpjJfUS17ufif1091eD3IKE9STTieDwpTBrWAeT5wSCXBmk0MQVhSsyvEEZIIa5NixYTgLp+8SroXDddpuHeX1eZNEUcZnIBTUAMuuAJNcAvaoAMweAIv4A28W8/Wq/Vhfc5LS1bRcwz+wPr6Bd1JnPM=</latexit><latexit sha1_base64="sGh2shvfbnsLoE7/DqkHpaRfxVk=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQcqMCLosduOygm2FThkyaaYTmkmGJCOUod/gxl9x40IRt67c+Tdm2lnU1kMCh3Pu5d57goRRpR3nxyqtrW9sbpW3Kzu7e/sH9uFRV4lUYtLBggn5ECBFGOWko6lm5CGRBMUBI71g3Mr93iORigp+rycJGcRoxGlIMdJG8u26JyPhk5oXIx0FYSan9XPomZdE1G8tyr5ddRrODHCVuAWpggJt3/72hgKnMeEaM6RU33USPciQ1BQzMq14qSIJwmM0In1DOYqJGmSzk6bwzChDGAppPtdwpi52ZChWahIHpjJfUS17ufif1091eD3IKE9STTieDwpTBrWAeT5wSCXBmk0MQVhSsyvEEZIIa5NixYTgLp+8SroXDddpuHeX1eZNEUcZnIBTUAMuuAJNcAvaoAMweAIv4A28W8/Wq/Vhfc5LS1bRcwz+wPr6Bd1JnPM=</latexit><latexit sha1_base64="sGh2shvfbnsLoE7/DqkHpaRfxVk=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQcqMCLosduOygm2FThkyaaYTmkmGJCOUod/gxl9x40IRt67c+Tdm2lnU1kMCh3Pu5d57goRRpR3nxyqtrW9sbpW3Kzu7e/sH9uFRV4lUYtLBggn5ECBFGOWko6lm5CGRBMUBI71g3Mr93iORigp+rycJGcRoxGlIMdJG8u26JyPhk5oXIx0FYSan9XPomZdE1G8tyr5ddRrODHCVuAWpggJt3/72hgKnMeEaM6RU33USPciQ1BQzMq14qSIJwmM0In1DOYqJGmSzk6bwzChDGAppPtdwpi52ZChWahIHpjJfUS17ufif1091eD3IKE9STTieDwpTBrWAeT5wSCXBmk0MQVhSsyvEEZIIa5NixYTgLp+8SroXDddpuHeX1eZNEUcZnIBTUAMuuAJNcAvaoAMweAIv4A28W8/Wq/Vhfc5LS1bRcwz+wPr6Bd1JnPM=</latexit><latexit sha1_base64="sGh2shvfbnsLoE7/DqkHpaRfxVk=">AAACEnicbVDLSgMxFM3UV62vUZdugkVoQcqMCLosduOygm2FThkyaaYTmkmGJCOUod/gxl9x40IRt67c+Tdm2lnU1kMCh3Pu5d57goRRpR3nxyqtrW9sbpW3Kzu7e/sH9uFRV4lUYtLBggn5ECBFGOWko6lm5CGRBMUBI71g3Mr93iORigp+rycJGcRoxGlIMdJG8u26JyPhk5oXIx0FYSan9XPomZdE1G8tyr5ddRrODHCVuAWpggJt3/72hgKnMeEaM6RU33USPciQ1BQzMq14qSIJwmM0In1DOYqJGmSzk6bwzChDGAppPtdwpi52ZChWahIHpjJfUS17ufif1091eD3IKE9STTieDwpTBrWAeT5wSCXBmk0MQVhSsyvEEZIIa5NixYTgLp+8SroXDddpuHeX1eZNEUcZnIBTUAMuuAJNcAvaoAMweAIv4A28W8/Wq/Vhfc5LS1bRcwz+wPr6Bd1JnPM=</latexit> r2�C(r) = �4⇡e2⇢e(r)
<latexit sha1_base64="3jZQSIeAlu82jzoilG/S8h60leQ=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSDGwrAbAtoIwTSWEcwDsptldnKTDJmdXWZmhbDkE2z8FRsLRWwt7fwbJ49CowcuHM65l3vvCWLOlLbtLyuzsrq2vpHdzG1t7+zu5fcPmipKJIUGjXgk2wFRwJmAhmaaQzuWQMKAQysY1aZ+6x6kYpG40+MYvJAMBOszSrSR/PypK0jASbfsxkPm14ryDF/h84obMwzdMnblMPLBqH6+YJfsGfBf4ixIAS1Q9/Ofbi+iSQhCU06U6jh2rL2USM0oh0nOTRTEhI7IADqGChKC8tLZQxN8YpQe7kfSlNB4pv6cSEmo1DgMTGdI9FAte1PxP6+T6P6llzIRJxoEnS/qJxzrCE/TwT0mgWo+NoRQycytmA6JJFSbDHMmBGf55b+kWS45dsm5rRSq14s4sugIHaMictAFqqIbVEcNRNEDekIv6NV6tJ6tN+t93pqxFjOH6Besj2/gEpqR</latexit><latexit sha1_base64="3jZQSIeAlu82jzoilG/S8h60leQ=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSDGwrAbAtoIwTSWEcwDsptldnKTDJmdXWZmhbDkE2z8FRsLRWwt7fwbJ49CowcuHM65l3vvCWLOlLbtLyuzsrq2vpHdzG1t7+zu5fcPmipKJIUGjXgk2wFRwJmAhmaaQzuWQMKAQysY1aZ+6x6kYpG40+MYvJAMBOszSrSR/PypK0jASbfsxkPm14ryDF/h84obMwzdMnblMPLBqH6+YJfsGfBf4ixIAS1Q9/Ofbi+iSQhCU06U6jh2rL2USM0oh0nOTRTEhI7IADqGChKC8tLZQxN8YpQe7kfSlNB4pv6cSEmo1DgMTGdI9FAte1PxP6+T6P6llzIRJxoEnS/qJxzrCE/TwT0mgWo+NoRQycytmA6JJFSbDHMmBGf55b+kWS45dsm5rRSq14s4sugIHaMictAFqqIbVEcNRNEDekIv6NV6tJ6tN+t93pqxFjOH6Besj2/gEpqR</latexit><latexit sha1_base64="3jZQSIeAlu82jzoilG/S8h60leQ=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSDGwrAbAtoIwTSWEcwDsptldnKTDJmdXWZmhbDkE2z8FRsLRWwt7fwbJ49CowcuHM65l3vvCWLOlLbtLyuzsrq2vpHdzG1t7+zu5fcPmipKJIUGjXgk2wFRwJmAhmaaQzuWQMKAQysY1aZ+6x6kYpG40+MYvJAMBOszSrSR/PypK0jASbfsxkPm14ryDF/h84obMwzdMnblMPLBqH6+YJfsGfBf4ixIAS1Q9/Ofbi+iSQhCU06U6jh2rL2USM0oh0nOTRTEhI7IADqGChKC8tLZQxN8YpQe7kfSlNB4pv6cSEmo1DgMTGdI9FAte1PxP6+T6P6llzIRJxoEnS/qJxzrCE/TwT0mgWo+NoRQycytmA6JJFSbDHMmBGf55b+kWS45dsm5rRSq14s4sugIHaMictAFqqIbVEcNRNEDekIv6NV6tJ6tN+t93pqxFjOH6Besj2/gEpqR</latexit><latexit sha1_base64="3jZQSIeAlu82jzoilG/S8h60leQ=">AAACEHicbVC7SgNBFJ2NrxhfUUubwSDGwrAbAtoIwTSWEcwDsptldnKTDJmdXWZmhbDkE2z8FRsLRWwt7fwbJ49CowcuHM65l3vvCWLOlLbtLyuzsrq2vpHdzG1t7+zu5fcPmipKJIUGjXgk2wFRwJmAhmaaQzuWQMKAQysY1aZ+6x6kYpG40+MYvJAMBOszSrSR/PypK0jASbfsxkPm14ryDF/h84obMwzdMnblMPLBqH6+YJfsGfBf4ixIAS1Q9/Ofbi+iSQhCU06U6jh2rL2USM0oh0nOTRTEhI7IADqGChKC8tLZQxN8YpQe7kfSlNB4pv6cSEmo1DgMTGdI9FAte1PxP6+T6P6llzIRJxoEnS/qJxzrCE/TwT0mgWo+NoRQycytmA6JJFSbDHMmBGf55b+kWS45dsm5rRSq14s4sugIHaMictAFqqIbVEcNRNEDekIv6NV6tJ6tN+t93pqxFjOH6Besj2/gEpqR</latexit>

solve for �C(r)
<latexit sha1_base64="HB2jaZnE8S7YlRV6OpsBAhgSj9s=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY/FXjxWsB/SLiWbZtvQJBuSrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7G9ZnffqLasEQ+2ImiocBDyWJGsHXSY0+NWL9e0Rf9Utmv+nOgVRLkpAw5Gv3SV2+QkFRQaQnHxnQDX9kww9oywum02EsNVZiM8ZB2HZVYUBNm84On6NwpAxQn2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTKrVUksWiOOXIJmj2PRowTYnlE0cw0czdisgIa0ysy6joQgiWX14lrctq4FeD+6ty7TaPowCncAYVCOAaanAHDWgCAQHP8ApvnvZevHfvY9G65uUzJ/AH3ucP9HiP1g==</latexit><latexit sha1_base64="HB2jaZnE8S7YlRV6OpsBAhgSj9s=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY/FXjxWsB/SLiWbZtvQJBuSrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7G9ZnffqLasEQ+2ImiocBDyWJGsHXSY0+NWL9e0Rf9Utmv+nOgVRLkpAw5Gv3SV2+QkFRQaQnHxnQDX9kww9oywum02EsNVZiM8ZB2HZVYUBNm84On6NwpAxQn2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTKrVUksWiOOXIJmj2PRowTYnlE0cw0czdisgIa0ysy6joQgiWX14lrctq4FeD+6ty7TaPowCncAYVCOAaanAHDWgCAQHP8ApvnvZevHfvY9G65uUzJ/AH3ucP9HiP1g==</latexit><latexit sha1_base64="HB2jaZnE8S7YlRV6OpsBAhgSj9s=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY/FXjxWsB/SLiWbZtvQJBuSrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7G9ZnffqLasEQ+2ImiocBDyWJGsHXSY0+NWL9e0Rf9Utmv+nOgVRLkpAw5Gv3SV2+QkFRQaQnHxnQDX9kww9oywum02EsNVZiM8ZB2HZVYUBNm84On6NwpAxQn2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTKrVUksWiOOXIJmj2PRowTYnlE0cw0czdisgIa0ysy6joQgiWX14lrctq4FeD+6ty7TaPowCncAYVCOAaanAHDWgCAQHP8ApvnvZevHfvY9G65uUzJ/AH3ucP9HiP1g==</latexit><latexit sha1_base64="HB2jaZnE8S7YlRV6OpsBAhgSj9s=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9kVQY/FXjxWsB/SLiWbZtvQJBuSrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvUpwZ6/vf3tr6xubWdmGnuLu3f3BYOjpumSTVhDZJwhPdibChnEnatMxy2lGaYhFx2o7G9ZnffqLasEQ+2ImiocBDyWJGsHXSY0+NWL9e0Rf9Utmv+nOgVRLkpAw5Gv3SV2+QkFRQaQnHxnQDX9kww9oywum02EsNVZiM8ZB2HZVYUBNm84On6NwpAxQn2pW0aK7+nsiwMGYiItcpsB2ZZW8m/ud1UxvfhBmTKrVUksWiOOXIJmj2PRowTYnlE0cw0czdisgIa0ysy6joQgiWX14lrctq4FeD+6ty7TaPowCncAYVCOAaanAHDWgCAQHP8ApvnvZevHfvY9G65uUzJ/AH3ucP9HiP1g==</latexit>

repeat  
   until  
    converged

result: E(T) 

⇒ can then compute derivatives 

to get S(T), P(T), F=E -TS, etc.



DFT-based molecular dynamics
‣ computationally demanding! 
‣ can think of as 'computer experiments' at whatever P, T you want
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https://www.lanl.gov/projects/dense-plasma-theory/research/density-functional-theory.phpvideo from:

deuterium, 10 g/cc @ 10 eV carbon, 5.7 g/cc @ 8.6 eV

In principle, you can get all 3 terms: F(ρ, T ) = u0(ρ) + Fion(ρ, T ) + Fel(ρ, T )



• relatively straight-forward to use  
    (create a cell, set temperature, let it run) 

• vibrational part of the energy is more accurate than phonons  
   (includes anharmonic effects)

DFT-based molecular dynamics
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‣ what about electronic excitations?

• not captured by standard DFT-MD methods 
• can be very important for shocks, radiation,  

nuclear decay, other phenomena 
• to capture, need TDDFT or 'excited state MD'

‣ advantages of DFT-MD
DFT-MD

phonons

not describing this!



Overview of EOS development

 29

Theory Experiment

Modeling

Preliminary 
table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.



How do we generate EOS tables?
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&job
  job _type='neweos' 
/

&neweos  
  material_number=2721  
  material_name='silver' 
  author='' 
  references=''

  atomic_number=47  
  atomic_weight=107.868  
  reference_density=10.49

  cold_model='pressure_table'
  density_pressure_n_pairs=<# pairs in list> 
  cold_densities=<list density values> 
  cold_pressures=<list pressure values in GPa>

  lennard_jones_exponent=1.0 
  cohesive_energy_kc=284 
  upper_compression_cutoff=1.46
/ 

S. Crockett, LA-UR 08-03681.

SESAME input file for silver (Ag)

Basic material information

Basic atomic information

input data for cold curve

low-density regime parameters



How do we generate EOS tables?
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&job
  job _type='neweos' 
/

&neweos  
  material_number=2721  
  material_name='silver' 
  author='' 
  references=''

  atomic_number=47  
  atomic_weight=107.868  
  reference_density=10.49

  cold_model='pressure_table'
  density_pressure_n_pairs=<# pairs in list> 
  cold_densities=<list density values> 
  cold_pressures=<list pressure values in GPa>

  lennard_jones_exponent=1.0 
  cohesive_energy_kc=284 
  upper_compression_cutoff=1.46
/ 

S. Crockett, LA-UR 08-03681.

low-density regime parameters
  lennard_jones_exponent=1.0 
  cohesive_energy_kc=284 
  upper_compression_cutoff=1.46
/ 

This is fitting 
between high density (solid)  
and low density (LJ gas)

SESAME input file for silver (Ag)



For complicated phase diagrams, interpolating between phases becomes difficult

 32

model for plasma

model for solid model for intermediate/mixed phase?

Acknowledgement: J. Carpenter, Sandia. ref: SAND2012-8899C



Overview of EOS development
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS

S. Crockett, LA-UR 08-03680.



Verification and validation is important to ensure unphysical things don't 
happen throughout the table!
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no negative densities

make sure the density isn't too low 
to be a solid

look for unphysical things happening 
at phase boundaries

Acknowledgement: J. Carpenter, Sandia. ref: SAND2012-8899C

c2 =
∂P
∂ρ

S

> 0

check that



Overview of EOS development
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Theory Experiment

Modeling

Preliminary table

V&V

Finished EOS
S. Crockett, LA-UR 08-03680.



Online examples of SESAME tables
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There are usually multiple SESAME tables for a given material

be sure to check the density/pressure/temperature range to see if it 
applies to your problem!



Online examples of SESAME tables
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There are usually multiple SESAME tables for a given material

this table goes with the input file we saw above



Online examples of SESAME tables
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A given EOS can have multiple tables

total 𝜌, T, P, E, F

cold + nuclear

electronic

nuclear

cold

vapor dome

UNCLASSIFIED

LA-UR-09-00450, LA-UR-09-00451, LA-UR-08-03679, LA-UR-08-03679, LA-UR-08-03679



Online examples of SESAME tables
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Complete SESAME table for silver (Ag)

Density (g/cc)

Pr
es

su
re

 (
G

Pa
)

LA-UR-09-00450, LA-UR-09-00451, LA-UR-08-03679, LA-UR-08-03679, LA-UR-08-03679



Online examples of SESAME tables
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Complete SESAME table for silver (Ag)

You can also look at the values throughout the table in the online version

. 

. 

.

LA-UR-09-00450, LA-UR-09-00451, LA-UR-08-03679, LA-UR-08-03679, LA-UR-08-03679



Example 1: two EOS leading to different results
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y
(m

m
)

<latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit>

x (µm)
<latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit>

Detonation of HNS (explosive) at t = 0

pressure P reaction fraction λ ∈ (0,1)

left side right side

look at two different hydro simulations with all the same parameters, but two different EOS

Ryan SAND 2011-3152C, Mattsson SAND 2011-8867C
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y
(m

m
)

<latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit>

x (µm)
<latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit>

x (µm)
<latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit>

x (µm)
<latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit><latexit sha1_base64="oTpqy9kJyQLTZu8Hv8hbtbaC6Fg=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEuimJCApuim5cVrAPaEKZTKft0JkkzEzEGoq/4saFIm79D3f+jZM2C209MHA4517umRPEnCntON9WYWl5ZXWtuF7a2Nza3rF395oqSiShDRLxSLYDrChnIW1opjltx5JiEXDaCkbXmd+6p1KxKLzT45j6Ag9C1mcEayN17YMH5F1WPIH1UIrUEwkSk5OuXXaqzhRokbg5KUOOetf+8noRSQQNNeFYqY7rxNpPsdSMcDopeYmiMSYjPKAdQ0MsqPLTafoJOjZKD/UjaV6o0VT9vZFiodRYBGYyi6nmvUz8z+skun/hpyyME01DMjvUTzjSEcqqQD0mKdF8bAgmkpmsiAyxxESbwkqmBHf+y4ukeVp1nap7e1auXeV1FOEQjqACLpxDDW6gDg0g8AjP8Apv1pP1Yr1bH7PRgpXv7MMfWJ8/gm2Umw==</latexit>

y
(m

m
)

<latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit><latexit sha1_base64="EkKTxyXLSTxSOYSTNiGVPnGXH9g=">AAAB+nicbVDLSsNAFL3xWesr1aWbwSLUTUlEUHBTdOOygn1AE8pkOm2HziRhZqKE2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb2tldW19Y7O0Vd7e2d3btysHbRUlktAWiXgkuwFWlLOQtjTTnHZjSbEIOO0Ek5vc7zxQqVgU3us0pr7Ao5ANGcHaSH27kiLvquYJrMdSZEJMT/t21ak7M6Bl4hakCgWaffvLG0QkETTUhGOleq4Taz/DUjPC6bTsJYrGmEzwiPYMDbGgys9m0afoxCgDNIykeaFGM/X3RoaFUqkIzGSeUS16ufif10v08NLPWBgnmoZkfmiYcKQjlPeABkxSonlqCCaSmayIjLHERJu2yqYEd/HLy6R9Vnedunt3Xm1cF3WU4AiOoQYuXEADbqEJLSDwCM/wCm/Wk/VivVsf89EVq9g5hD+wPn8Ak9WTjQ==</latexit>

P λ P λ P λ
t1

<latexit sha1_base64="FVaQdjUWZVLyUUalbbTR1NMDoKM=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAft+3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAWYjZw=</latexit><latexit sha1_base64="FVaQdjUWZVLyUUalbbTR1NMDoKM=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAft+3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAWYjZw=</latexit><latexit sha1_base64="FVaQdjUWZVLyUUalbbTR1NMDoKM=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAft+3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAWYjZw=</latexit><latexit sha1_base64="FVaQdjUWZVLyUUalbbTR1NMDoKM=">AAAB6nicbVBNS8NAEJ3Ur1q/oh69LBbBU0lE0GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvTKUw6HnfTmltfWNzq7xd2dnd2z9wD49aJsk0402WyER3Qmq4FIo3UaDknVRzGoeSt8Px7cxvP3FtRKIecZLyIKZDJSLBKFrpAft+3616NW8Oskr8glShQKPvfvUGCctirpBJakzX91IMcqpRMMmnlV5meErZmA5511JFY26CfH7qlJxZZUCiRNtSSObq74mcxsZM4tB2xhRHZtmbif953Qyj6yAXKs2QK7ZYFGWSYEJmf5OB0JyhnFhCmRb2VsJGVFOGNp2KDcFffnmVtC5qvlfz7y+r9ZsijjKcwCmcgw9XUIc7aEATGAzhGV7hzZHOi/PufCxaS04xcwx/4Hz+AAWYjZw=</latexit>

t2
<latexit sha1_base64="P4+gfywhwn2dG1TBnMWEEbekCJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NrPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1XOr3v1VpXGTx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nDwccjZ0=</latexit><latexit sha1_base64="P4+gfywhwn2dG1TBnMWEEbekCJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NrPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1XOr3v1VpXGTx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nDwccjZ0=</latexit><latexit sha1_base64="P4+gfywhwn2dG1TBnMWEEbekCJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NrPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1XOr3v1VpXGTx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nDwccjZ0=</latexit><latexit sha1_base64="P4+gfywhwn2dG1TBnMWEEbekCJE=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKUI9FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzioDcoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOiMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8NrPhEpS5IotF4WpJBiT+d9kKDRnKKeWUKaFvZWwMdWUoU2nZEPwVl9eJ+1a1XOr3v1VpXGTx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nDwccjZ0=</latexit>

t3
<latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit><latexit sha1_base64="WKj3HyKx2Jed9SQ/fr+DW4J1Vsw=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+xf9ssVt+rOQVaJl5MK5Gj0y1+9QczSiCtkkhrT9dwE/YxqFEzyaamXGp5QNqZD3rVU0YgbP5ufOiVnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2nZEPwll9eJa2LqudWvftapX6Tx1GEEziFc/DgCupwBw1oAoMhPMMrvDnSeXHenY9Fa8HJZ47hD5zPHwigjZ4=</latexit>

EOS1

EOS2

time

Ryan SAND 2011-3152C, Mattsson SAND 2011-8867C
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Mattsson, SAND2015-8430 C.

Tin rod 
 - hit the rod with a pressure pulse at x = 0

x = 0

tin rod 

x

at

Pr
es

su
re

time

pressure wave at x=0 leads 
to a traveling pressure wave through 
the material

Q: what does the pressure in the material 
look like in time?
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Mattsson, SAND2015-8430 C.

dashed: Mie-Grüneisen
x = 0.0 mm

solid: KPT model

x = 0.5 mm

x = 1.0 mm

x = 0.0 mm

x = 0.5 mm

x = 1.0 mm
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Conclusions

‣ Many approximations and models go into an EOS 

‣ Always look at the EOS table information to figure out if the range of 
P, T, 𝜌, etc. is valid for your hydro simulation! 

‣ Two EOS that both have a valid range can lead to different results in 
the hydro code 

‣ EOS development is an active field of research, so be on the lookout 
for new EOS tables that incorporate new models!
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